Hybrid particles of multiwall carbon nanotubes (CNTs) grafted onto silica gel were shown to provide a low viscosity processing route to forming electrically-conductive epoxy resin composites. Rheological studies showed the viscoelastic shear moduli of epoxy resin suspensions containing these particles (named SG6_3) remained within the same order of magnitude as that of the neat resin at ≤5 wt.% loading (containing up to 1.65 wt.% of grafted CNTs). Whereas, the addition of 1.65 wt.% of discrete (nongrafted) CNTs into the same resin increased shear moduli by up to seven orders of magnitude. The complex viscosities of suspensions containing ≤5 wt.% of SG6_3 remained essentially unchanged, whereas an increase of up to five orders of magnitude resulted upon the addition of 1.65 wt.% of nongrafted CNTs. Whilst rheological studies showed SG6_3 did not form a percolated network at levels ≤5 wt.%, addition of only 2 wt.% (containing 0.66 wt.% CNT) was found to form an electrically-conductive percolated network in an epoxy resin composite with conductivity ~ 10 -4 S/m.
Introduction
The potential benefits offered by incorporation of carbon nanotubes (CNTs) into polymer composites [1, 2] are often limited by the large increases in viscosity that occur upon the addition of only a few volume percentage of nanotubes. This limits the use of CNTS in structural applications at useful volume fractions [1] and even the lower loadings required for functional applications can create difficulties for processing [3] . Approaches used to improve the dispersion of CNTs in polymer matrices include chemical functionalization, cutting of the nanotubes, in situ polymerization, and enhanced physical blending [4] .
An alternative method to mixing nanotubes directly into the matrix is to attach the nanotubes to host particles which are subsequently introduced into the matrix. The most commonly used approach to produce such hybrid particles is to grow the nanotubes directly on the host using catalytic vapour 2 deposition (CVD), and this has been reported for a wide range of hosts; including fibres of carbon [5, 6] , silica [7] , and alumina [8] and particles of silica [9] [10] [11] [12] , alumina (µAl 2 O 3 ) [13] , carbon black [14] and stainless steel [15] . However, a detailed rheological study of suspensions containing hybrid particulate-CNT particles has yet to be reported.
A previous publication from this study [16] reported the synthesis and characterisation of hybrid particles produced by the direct growth of multiwall carbon nanotubes (MWCNTs) onto spherical silica-gel particles of approximately 40 µm diameter using floating catalyst CVD; and the ability of these hybrid particles to form an electrically-conducting percolated network was demonstrated in composites with poly(vinyl alcohol). The overall aims of this study were to develop hybrid CNT-based particles that are:
firstly, easily dispersed in polymer matrices to form stable electrically-conductive percolated networks, in that they are resistant to the shearing forces generated during polymer processing; and secondly do not generate a significant increase in the viscosity of the polymer matrix, a common problem encountered with CNT-polymer composites. To show whether these aims are realised using the hybrid particles developed in our previous study, this paper presents a study of the rheological and electrical properties of epoxy resin composites containing hybrid silica-CNT particles.
Experimental

Materials and Sample Preparation
The silica gel (SG)-CNT hybrid particles chosen for this study (SG6_3, see Figure 1 ) were synthesized
[16] under optimized conditions of 3 hours reaction time at a reaction temperature of 760 °C using toluene and ferrocene as the carbon source and catalyst precursor, respectively. Thermogravimetric analysis (TGA) showed the resultant yield on the SG substrates was 33.6±0.4 wt.% of grafted CNT with a mean tube diameter measured by TEM of 13±4 nm. 
Rheological and Electrical Measurements
A Thermo Scientific MARS II rheometer system was used to perform rheological measurements on the epoxy suspensions. All measurements were performed at 25 °C using 35 mm parallel plates with a 0.5 mm gap. In rotational mode, the shear rate ( ) was increased stepwise (0.005 -1000 s -1 ) and held at each step for 60 s. Under oscillatory shear; a strain (γ) sweep (0.5 -500 % strain) was first conducted to determine the linear viscoelastic region (LVR). Once this region was identified frequency-sweep testing (0.5 -100 rad/s) was performed within the LVR, at a constant strain of 1%.
The impedance values of the composites were measured using an Impedance Analysis Interface/NumetriQ PSM1735. A frequency range of 1 to 10 6 Hz was applied, at a voltage amplitude of 1.0 V. For measurements the composite plaques were cut into specimens of approximately 40 x 40 mm.
After polishing, silver paint was applied on two opposing cut faces and wires connected to these electrodes using a conductive silver-loaded epoxy adhesive (RS Components). An average of at least five measurements was taken for each sample 4 Figure 2 shows a typical optical micrograph of the dispersion achieved in a suspension of 5 wt.% of SG6_3 within the epoxy resin. During their preparation striking differences were observed between the SG6_3 and NC suspensions. For example, the former flowed easily from the jars in which they were mixed even when the loading was increased to 5 wt.% (equivalent to 1.65 wt. % of CNT). These suspensions were also quite stable, and upon tilting the jars after standing for 24 hours no obvious sedimentation was observed. In contrast, a spatula was required to transfer all of the NC suspensions, even the lowest loading of 0.17 wt. %. In the case of 1.65 wt.% CNT loading, in contrast to the equivalent SG6_3 suspension (5 wt.%), the NC suspension did not flow within ten minutes of turning the jar upside down. 
Results and Discussion
Dispersion of SG6_3 Hybrid Particles
Steady Shear Properties
Figures 3a and 3b show shear viscosity data for all the suspensions as a function of shear rate ( ) and shear stress (τ), respectively. In Figure 3a , the flow curves of the neat LY556 epoxy resin and the SG6_3 suspensions show equivalent behaviour; displaying Newtonian regions up to 200 s -1 followed by a degree of shear thinning at higher shear rates. In contrast, the two NC suspensions containing discrete, nongrafted CNT exhibit viscosities that are between 1 and 2 orders of magnitude higher at 10 -1 s -1 and which decrease sharply as the shear rate increases. Similar large increases in viscosity at low shear rates resulting from CNT addition have been observed for suspensions in other epoxy resins [18] [19] [20] [21] and water [22] , and are attributed to the formation of a percolated network between the CNTs. As the shear rate was increased to > 200 s -1 , the viscosities of the NC suspensions decrease and approach those of the epoxy and the SG6_3 suspensions; behaviour indicative of the break-up of the CNT network [18, 20] . The shear viscosity versus shear stress flow curves in Figure 3b show the epoxy resin and the SG6_3 suspensions to display stable Newtonian behaviour over more than three decades of stress (until τ = 3 kPa). In contrast, the viscosities of the NC suspensions are initially up to two orders of magnitude higher than the SG6_3 suspensions. The viscosity is then observed to decrease by up to two decades while the stress remained essentially constant, before flow initiates at apparent yield stresses of ≈40 Pa and ≈250 Pa 6 for the 0.17 and 0.33 wt.% loadings, respectively. This behaviour is once again indicative of the break-up of the CNT network, and similar observations have been reported for aqueous [22] and other epoxy [21] CNT suspensions. In contrast, the grafted CNTs of the SG6_3 particles remain strongly attached to the substrate and are relatively short. Therefore the degree of inter-tube interaction between CNTs on neighbouring SG6_3 particles is negligible, preventing the formation of an elastic, percolated network. Shear stress versus shear rate flow curves for the resin and the SG6_3 suspensions are shown in Figure 4a .
After exceeding a small yield value the stress increases linearly with the applied shear rate until approximately 200 s -1 , indicating that viscosity is constant. This essentially linear relationship was also observed in Figure 3a , where the viscosity remained constant at shear rates < 200 s -1 . In the case of NC suspensions (Fig 4b) , a short region of constant stress at low shear rate is observed followed by increasing stress at higher shear rates.
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The flow curves in Figure 4a exhibit a small yield stress followed by Newtonian behaviour, and therefore the data were fitted to the Bingham plastic, or yield-Newtonian, model [23] :
Where τ y is the yield stress and η p is the plastic viscosity. However, the flow curves of the NC suspensions showed a superior fit to the Herschel-Bulkley model [23] , which has been used previously to describe the flow behaviour of CNT suspensions [22, 24] . The model is a yield-Power Law model, given as:
Where n and K are the flow behaviour and consistency indices of the Power-Law model, respectively. For both the epoxy resin and SG6_3 suspensions (Table 1) 
Dynamic Shear Properties
The strain sweep data in Figure 5a show that for all loadings of CNTs in the NC suspensions at low strain G′ > G′′. However, at strains in the region of 30% modulus crossover occurs as the suspensions undergo a solid-liquid transition, after which G′′ > G′ indicating predominantly viscous behaviour of the suspensions from this point [25, 26] . Hough et al. [25] observed similar behaviour for aqueous suspensions of SWCNT, which the authors proposed was due to network destruction as the nanotubes The frequency sweep data in Figure 6 show that for the NC suspensions (Figure 6a) , the values of G′ and G′′ within the LVR are almost constant throughout the frequency range studied. The difference is more pronounced at higher CNT loading and for suspensions with > 0.33 wt. % at all frequencies G′ > G′′.
Similar modulus behaviour, which is typical of a strong gel [22] , has been reported for other CNT suspension [21, 22, 27] . In the case of SG6_3 suspensions, G′′ always dominates G′ (Figure 6b) indicating that these suspensions exhibit only viscous behaviour even at a CNT loading of 1.65 wt. %.
The advantages of grafting are further demonstrated in Figure 7 . As an elastic network does not form in the SG6_3 suspensions, their viscosity remains constant with values similar to those of the neat resin. In contrast, it has been shown that CNTs interact strongly with each other and create an elastic network even at low loadings [20, 22, 26] . Thus, incorporation of only 1.65 wt. % of CNTs increases η* at 1 rad/s by two orders of magnitude, and the decrease in η* values with increasing frequency may be related to a progressive disruption of the percolated CNT network. The wt. % shown is that of the grafted CNT in the suspension. Figure 8a contrasts the shear moduli variations with particle loading for both suspensions at a fixed frequency. Consistent with previous findings the G′ and G′′ data for the SG6_3 suspensions show little change with increased loading, as power law behaviour is not observed (both exponents < 1). In contrast, the G′ and G′′ data for the NC suspensions increase significantly with CNT loading. The measured exponent values of 3.05 and 2.43, respectively, are close to the values of 2.6 and 2.4 reported by Kinloch et al. [22] for aqueous CNT suspensions, indicating similar development in the structure of the CNT network as loading increases. The rheological percolation threshold (equation 3) was used to determine the critical CNT loading that initiates a rapid increase in G′.
Rheological and electrical percolation thresholds
Where is the storage modulus, is the proportionality constant, is the CNT loading, , is the critical CNT loading (from ), and t rheo is the rheological exponential constant. Fitting the data gave , = 0.02 wt. %, and t rheo = 2.9 which is within the range reported for space-filling networks of particles of between 2 and 4.5 [23] . Similarly, percolation threshold theory may also be used to 12 determine the critical particle loading that causes an insulator-conductor transition in a cured composite, given as:
Where σ is the specific conductivity of the composite, σ c is the proportionality constant, ′ ,* is the critical CNT loading (from σ), and t ele is the electrical exponential constant. Fitting yielded values of ,* of 0.03 wt. % and 0.16 wt. % for the CNT -epoxy and SG6_3 -epoxy composites, respectively.
Thus, not surprisingly, the grafting of CNTs to a substrate inhibits the formation of an electricallyconductive percolated network, as formation relies on the orientation of conductive fillers within a polymer. The CNTs are radially distributed along the surface of the SG6_3 particles, yielding essentially isotropic particles. Whereas, it has been shown experimentally [28] and theoretically [29] that higher electrical conductivity is achieved for anisotropic distributions of CNT compared to isotropic distributions, and that aggregates of CNTs within these distributions are crucial in achieving a conductive percolated network in both epoxy resins [3, 30, 31] and polymer melts [32] . In addition, the difference in aspect ratio between the grafted and non-grafted CNT also plays a role. For example, Hernandez et al.
[33] obtained a critical loading of 2.1 vol. % for carbon nanodiscs compared to 0.4 vol. % for CNTs of higher aspect ratio. Similarly, Sandler et al. showed that the value of critical loading obtained for a carbon black was at least two orders of magnitude higher than for CNT [3] . It is interesting to note that whilst rheology results show that SG6_3 did not form a percolated network within the uncured epoxy resin at CNT values up to 1.65 wt.%, the electrical conductivity data for the cured composites showed that the formation of an electrically conductive, percolated network occurred at a critical CNT loading as low as 0.16 wt. %. This implies that the SG6_3 particles may aggregate upon addition of hardener to form an electrically conductive percolated network, as indicated in the graphic in Figure 10 , whereas without hardener, the particles remain isolated as indicated by the optical micrograph in Figure 2 . 
Conclusions
Suspensions of the SG6_3 particles remained stable during processing, in that application of shear forces during mixing did not detach large numbers of CNTs and the particles did not form aggregates. Up to loadings of 5 wt.% SG6_3 (1.65 % CNT) the complex viscosity of the suspensions was shown not to change; whereas incorporation of 1.65 wt. % of non -grafted CNTs increased viscosity by up to five orders of magnitude. In rotational shear, the shear viscosity flow curves of suspensions containing hybrid particles at all loadings followed closely that of the neat resin over a shear rate range of 0.1 to 1000 s -1 . In contrast, incorporation of only 0.17 wt. % non-grafted CNT showed significantly different flow behaviour with the shear viscosity increasing more than an order of magnitude at low shear rates. These differences are ascribed to the lack of interaction of the CNTs grafted on the surface of a SG6_3 particle with those on adjacent particles, whilst the non-grafted CNTs are of much higher high aspect-ratio and exhibit strong inter-tube interactions. In contrast to their rheological behaviour in resin suspensions, the SG6_3 particles formed electrically percolated networks within cured composites at reasonably low loadings (≥0.16 wt.% of CNTs). Thus, the study reported here has demonstrated a practical method to both control the dispersion of CNT into polymer matrices and to introduce CNTs without adversely affecting rheological behaviour.
